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ABSTRACT
We present the results of a pilot near-infrared (NIR) spectroscopic campaign of five very massive
galaxies (log(M?/M) > 11.45) in the range of 1.7 < z < 2.7. We measure an absorption feature
redshift for one galaxy at zspec = 2.000±0.006. For the remaining galaxies, we combine the photometry
with the continuum from the spectra to estimate continuum redshifts and stellar population properties.
We define a continuum redshift (zcont ) as one in which the redshift is estimated probabilistically
using EAZY from the combination of catalog photometry and the observed spectrum. We derive
the uncertainties on the stellar population synthesis properties using a Monte Carlo simulation and
examine the correlations between the parameters with and without the use of the spectrum in the
modeling of the spectral energy distributions (SEDs). The spectroscopic constraints confirm the
extreme stellar masses of the galaxies in our sample. We find that three out of five galaxies are
quiescent (star formation rate of . 1M yr−1) with low levels of dust obscuration (AV < 1) , that
one galaxy displays both high levels of star formation and dust obscuration (SFR ≈ 300M yr−1,
AV ≈ 1.7 mag), and that the remaining galaxy has properties that are intermediate between the
quiescent and star-forming populations.
1. INTRODUCTION
The standard ΛCDM paradigm of structure forma-
tion depicts a universe dominated by dark matter. In
this paradigm, dark matter structures form hierarchi-
cally, with low-mass haloes forming before their higher
mass counterparts. It is therefore expected that galax-
erin.fong@tufts.edu
ies would also form in a hierarchical manner. How-
ever, archaeological studies of local galaxies show that
today’s most massive galaxies formed the bulk of their
stars rapidly in the very early universe (see, for example,
Thomas et al. 2005): these observations are supported
by the existence of a significant population of massive
quiescent galaxies up to redshift z ∼ 3. (Cimatti et al.
2002; Kriek et al. 2006; Mancini et al. 2009; Marchesini
et al. 2010; Brammer et al. 2011; Marchesini et al. 2014;
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Newman et al. 2015; Hill et al. 2016).
Recent models of galaxy formation have been success-
ful in addressing several long-standing tensions between
theoretical predictions of massive galaxy growth in the
early universe and observational results of such massive
galaxies at high-z. These models predict that massive
ellipticals will possess old, metal-rich stellar populations
and the shortest formation timescales (De Lucia et al.
2006; De Lucia & Blaizot 2007), but there are still per-
sistent differences between observations and theoretical
predictions of the high-mass end of the stellar mass func-
tion. These issues raise questions about the evolution
of massive galaxies: Marchesini et al. (2014) propose a
revised evolutionary path for the formation of today’s
ultra-massive galaxies (UMGs), in which the progeni-
tor population at 1.5 < z < 2.5 is dominated by heav-
ily dust-obscured (AV ∼ 2 mag) massive star-forming
galaxies, and only ∼ 40% of the population is comprised
of quiescent galaxies with relatively little dust obscura-
tion.
Table 1. Pointing and observation information for the initial sample.
id RA DEC Dates Exp. Time (sec) Instrument
( exposure time x exposure count )
COS-75355 10h02m28.49s +02d02m13.70s 12/18/13 600 x 10 = 6000 GNIRSa
COS-207144 10h00m33.48s +02d28m54.74s 03/07/13 600 x 18 = 10800 GNIRSa
COS-90676 10h01m57.00s +02d16m12.14s 12/17/13 600 x 6 = 3600 GNIRSa
COS-189962c 10h02m14.42s +02d35m11.92s 05/22/13, 05/23/13 600 x 18 = 10800 GNIRSa
COS-71929 10h01m40.60s +01d58m57.47s 05/04/13 908.8 x 4 = 3635.2 FIREb
COS-37207 09h59m42.59s +01d55m01.55s 05/03/13, 05/04/13 908.8 x 8 = 7270.4 FIREb
Note— aThe Gemini Near-Infrared Spectrograph (Elias et al. 2006). b The Folded-port InfraRed Echellette (Simcoe et al. 2013). c
This galaxy was omitted from analysis due to poor observing conditions.
Though recent photometric campaigns have been
highly successful in probing the evolutionary path of
UMGs, little is known about the evolution of the most
massive galaxies (i.e., log (M?/M) > 11.5) in the early
universe. According to measurements of the stellar mass
function, the number density of such galaxies appears
constant from z ∼ 4 to z ∼ 1.5 (Marchesini et al. 2009;
Muzzin et al. 2013b). In this stellar mass regime, model
predictions are, at best, marginally consistent with these
observations (Vogelsberger et al. 2014; Dave´ et al. 2016,
but see also Henriques et al. 2015).
Due to the rarity of these galaxies, however, a huge
amount of data and manpower are needed to gener-
ate a large enough sample to characterize these pop-
ulations. Very few high-z galaxies in this mass regime
have been confirmed spectroscopically, and population
studies rely almost entirely on photometry for redshifts
and stellar population characteristics. Recent studies
have furthered the spectroscopic effort for estimating
the nature of highly massive galaxies at high redshift
(Onodera et al. 2010; van de Sande et al. 2011; Onodera
et al. 2012; Bezanson et al. 2013; van de Sande et al.
2013; Belli et al. 2014, 2015; Marsan et al. 2015, 2016),
but the total sample of spectroscopically confirmed very
massive, high-z galaxies known to the community at the
present is still not large enough to be able to leverage
satisfactory statistical power in characterizing the un-
derlying distribution that govern the characteristics of
such galaxies.
In an ongoing effort to expand the sample of spectro-
scopically confirmed very massive galaxies at high-z, we
present the results of near-infrared (NIR) spectroscopy
of 5 highly massive galaxies at 1.7 < z < 2.7. In Sec-
tion 2, we outline the sample selection process. The
spectroscopic observations are detailed in Section 3. We
derive robust redshifts and stellar population properties
using a combination of the NIR spectroscopy and Ul-
traVISTA photometry in Section 4 in order to confirm
their status as ultra-massive, and to study the character-
istics of this rare class of galaxies in the early universe.
We present spectroscopic redshifts and modeling results
in Section 5. We place the characteristics derived for
this sample of high-z ultra-massive galaxies within the
context of the population of such galaxies in Section 6.
In this work, we assume a Chabrier (2003) IMF, and
adopt a cosmology of ΩM = 0.3, ΩΛ = 0.7, and H0 =
70 km s−1 Mpc−1.
2. THE SAMPLE
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Figure 1. Left: Stellar mass versus redshift for the present sample (filled star and circles), COS-189962 (unfilled red square,
not included in sample due to poor observing conditions), and the UltraVISTA DR1 catalog of Muzzin et al. (2013a) as a whole
(grayscale representation). The symbol type represents the classification of the galaxy as star-forming (star) or quiescent (circle)
based on the UVJ diagram (see Figure 8). The red curve denotes the 90% mass completeness level for the catalog. Right: The
same for stellar mass versus Ks magnitude for galaxies at 1.7 < z < 2.7. The sample at hand was selected to contain the
brightest and most massive galaxies in our targeted redshift range.
The targets of this study were chosen from the sam-
ple of ultra-massive galaxies identified in the multiwave-
length catalog constructed by Muzzin et al. (2013a)
across 1.62 deg2 of the UltraVISTA/COSMOS field.
The UltraVISTA survey itself observes across four
broadband filters Y,J,H and Ks, as well as one nar-
rowband filter centered on Hα at z=0.8, which is not
used in the present work (McCracken et al. 2012). The
NIR coverage of UltraVISTA probes the rest-frame op-
tical for galaxies at 1.5 < z < 4.0, an important range
for the estimation of stellar population properties. The
catalog from which the present sample was selected was
constructed using the first data release of the UltraV-
ISTA survey; this data release spans about one season
of observing time, with a 5σ depth of approximately
Ks < 23.9 AB in a 2
′′ aperture.
The UltraVISTA catalog spans 30 filters from 0.15µm
to 24.µm, including ultra-violet (UV) imaging from the
GALEX satellite (Martin et al. 2005), and infrared cov-
erage from Spitzer (Sanders et al. 2007; Frayer et al.
2009). Sources are selected from the Ks band, which
reaches 90% completeness at Ks,TOT = 23.4 AB, which
corresponds to a stellar mass 90% completeness limit
of log(M?/M) = 10.43 at z = 2, as shown in Fig-
ure 1. This broad wavelength coverage in the Ultra-
VISTA/COSMOS field allows us to confidently iden-
tify high-z massive galaxies candidates for spectroscopic
follow-up. Figure 1 shows the stellar mass (M?) versus
redshift (z) and Ks magnitude (Ks,tot) versus M? di-
agrams with the five galaxies targeted by our spectro-
scopic program highlighted as colored filled circles.
We originally selected all galaxies at 1.7 < z < 2.7
with log (M?/M) > 11.5, for a total of 18 candi-
dates spanning the range in KS-band total magnitude
of 19.4 < KS,tot < 23.0. From this sample, we selected
all galaxies (eight in total) brighter than KS,tot = 20.6
to observe spectroscopically. Due to scheduling con-
straints, two of these galaxies were not observed. The
exclusion of these two galaxies does not introduce any
additional biases. Therefore, the six galaxies presented
in our work constitute a representative sample of the
population of brightest and most massive galaxies in the
redshift range 1.5 . z . 3.0.
Table 1 gives the RA and DEC of each of the sources
in our sample along with observing and exposure infor-
mation.
3. DATA
Four of the five galaxies in the sample (COS-75355,
COS-90676, COS-207144, and COS-189962) were ob-
served with the Gemini Near-infrared Spectrograph
(GNIRS, Elias et al. 2006); the remaining two galaxies
were observed with the Folded-port InfraRed Echellette
(FIRE, Simcoe et al. 2013) mounted on the Magellan 1
4 Kado-Fong et al.
telescope. All of the galaxies in our sample were addi-
tionally imaged with HST WFC3 in the F160W band
(GO-12990; PI: Muzzin).
3.1. GNIRS
Of the four galaxies observed with GNIRS, one (COS-
189962) was discarded from the sample due to poor see-
ing during the observations.
GNIRS was set in its cross-dispersed mode with 32
line/mm grating and a 0.675” slit during the observing
runs, which spanned 6 dates in March, May, and De-
cember of 2013. The observations were made in queue
mode, and are taken in 600 second exposures; the de-
tails of the observation runs are found in Table 1. The
telluric emission lines present in the NIR place a limit
on the per-exposure observation time; we therefore opt
to take many shorter exposures and subsequently stack
the resulting spectra in order to boost S/N. The adopted
GNIRS configuration provides a resolution of R ≈ 800
and a wavelength range of around 0.8 to 2.4 µm. A
blind offset star and a B9V star were also observed for
acquisition and to derive a telluric correction. Seeing av-
eraged around 1.0′′ across the observing run, with min-
imal cloud cover (photometric conditions).
3.2. FIRE Observations
FIRE observations were made in its echellete mode
with a 0.6′′ slit and practical coverage from approxi-
mately 1.0µm to 2.0µm with a spectral resolution of
R ≈ 6000.
Observations were taken across two nights in May
of 2013. As was the case for the GNIRS observations,
several short exposures were taken of each target at
908.8 seconds per exposure due to the telluric emission
lines present in the observed wavelength range. An
A0V star was also observed in order to perform telluric
corrections. Seeing averaged between 0.7′′ and 1.0′′
throughout the observing run, with minimal cloud cover.
3.3. HST Imaging
The galaxies at hand span a significant variety of mor-
phologies, as shown in Figure 2: COS-75355 appears to
be consistent with a galaxy undergoing one to two mi-
nor mergers and COS-37207 is consistent with being a
massive face-on red spiral, while COS-71929 and COS-
90676 are relatively isolated with some diffuse emission.
For a quantitative discussion of these morphologies, see
Marsan et al. (2017; in prep.). COS-207144, though
identified as a single object in the UltraVISTA catalog,
is clearly resolved in two components in the HST im-
age (see Figure 2). COS-207144 is the only object in
our sample that falls within the 3D-HST survey (Skel-
ton et al. 2014). In 3D-HST, COS-207144 is resolved as
UltraVISTA DR1 ID
75355 207144 90676 189962 71929 37207
filter
mu∗ 25.7 26.4 28.82 24.4 26.7 25.2
mg+ 24.8 26.3 26.8 24.3 26.1 24.7
mr+ 23.9 26.0 24.7 24.0 25.4 24.1
mi+ 23.0 25.1 24.2 23.7 24.4 23.5
mz+ 22.1 24.5 23.8 23.2 23.8 22.9
mY 21.5 23.3 23.1 22.9 22.9 22.5
mJ 20.3 22.1 22.1 21.7 21.7 21.3
mH 19.8 21.0 20.6 21.0 20.6 20.5
mKs 19.4 20.5 20.2 20.5 20.1 20.0
Table 2. Photometry from the UltraVISTA catalog for the
six galaxies in the initial sample. Total magnitudes are used.
Magnitudes are given in the AB system.
two objects, consistent with being an interacting pair at
z = 2.02+0.09−0.14 and z = 2.07± 0.05. There exists a grism
redshift for the latter object at zgrism = 2.362 ± 0.015
(Brammer et al. 2012; Momcheva et al. 2016). How-
ever, this grism redshift is based upon a low signal-to-
noise, likely spurious, feature identified as [OII] which,
if adopted, represents a shift of > 5σ from the original
photometric redshift, implying that the two resolved ob-
jects are not physically interacting. We therefore choose
to compare the results of our analysis with those ob-
tained using the original photometric redshift from Skel-
ton et al. (2014).
3.4. Data Reduction and Extraction of Spectra
We performed the initial steps of the GNIRS data
reduction (cosmic ray detection, bias subtraction, flat-
fielding) using pyraf. We then performed a first-pass sky
subtraction by constructing a sky frame using up to 4
dithered exposures taken at sufficiently similar times as
the target expsoure. We then ran a second pass sky
subtraction by using the IRAF task background on the
target exposure, which fits the sky on each side of the
galaxy continuum in order to remove remaining telluric
emission lines present in the frame.
To extract the spectra to one dimension, we used the
spectrum of the telluric star as a trace for any remaining
non-linearity in the spectrum shape. We then performed
a telluric correction using the one dimensional spectrum
of the observed telluric star. The orders (GNIRS’s cross-
dispersed mode yields six partial spectra corresponding
to different wavelength ranges) were then concatenated
using a weighted average and flux calibrated using the
UltraVISTA H and Ks photometry.
The IDL-based reduction pipeline FIREHOSE (Mate-
jek & Simcoe 2012) was used to reduce the FIRE spec-
tra. We adopted manual tracing for these spectra to
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Figure 2. Color cutouts of the galaxies in the present sample constructed from ACS I814 (F814W, blue) and WFC3 H160
(F160W, red) images.
account for the faintness of the targets, but left the
pipeline otherwise intact.
In order to increase the signal-to-noise ratios of these
observations, we binned each spectrum with bins of vari-
able size. As a result, bin size is not constant across a
given spectrum – areas of low signal-to-noise are binned
more as compared to areas in which the signal-to-noise
was relatively high in the unbinned spectrum. Areas of
low transmission, strong skyline residuals, or artifacts
from remaining skyline residuals were masked. The re-
sulting bin size (observed frame) ranges from 51A˚ (15th
percentile) to 163A˚ (85th percentile), with a median bin
size of 77A˚. The resulting signal-to-noise ratio ranges
from 2.51 (15th percentile) to 13.34 (85th percentile),
with a median signal-to-noise ratio of 6.99.
Figure 3 shows the final binned 1D spectra of the five
sources (red filled circles), overplotted with the UltraV-
ISTA broadband and medium-band photometry (green
filled circles).
4. SED MODELING
We combined the binned spectra with the UltraVISTA
photometry to model the spectral energy distributions
(SEDs) of galaxies using the photometric redshift code
EAZY (Brammer et al. 2008) and the stellar population
synthesis code FAST (Fitting and Assessment of Stel-
lar Templates, Kriek et al. 2009). The addition of the
spectra allows us to derive continuum redshifts and stel-
lar population properties from the two codes by taking
advantage of the coverage provided by the broadband
photometry and the finer observation of the 4000A˚ break
delivered by the spectroscopy, producing robust redshift
estimates in the absence of emission or absorption fea-
tures.
Following Muzzin et al. (2013b), EAZY fits a linear
combination of six templates from the PEGASE models
(Fioc & Rocca-Volmerange 1997), a red template from
the model library of Maraston (2005), a∼1 Gyr old post-
starburst template, as well as a slightly dust-reddened
Lyman Break template. EAZY also incorporates a tem-
plate error function to account for larger uncertainties
in the models in the rest-frame NIR relative to the rest-
frame optical. A detailed description of this process may
be found in Brammer et al. (2008). EAZY was run using
the v1.0 template error function and a K-band magni-
tude prior.
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Figure 3. Left: Binned spectra for each galaxy (red filled circles) with the best-fit EAZY model (color corresponds to the
galaxy’s label in each panel). Fluxes are scaled by a factor of 1018. The light blue shaded region encases the upper and
lower envelopes of the EAZY models that correspond to redshifts within the 68% confidence bound of the redshift posterior
distribution. The green filled circles show the UltraVISTA catalog photometry. Right:EAZY redshift posterior distributions.
The black curve shows the distribution estimated using both the spectrum and photometry. The grey shaded region shows the
same distribution from the photometry alone. zcont values are shown as purple lines, with the 68% confidence intervals marked
with dashed pink lines. The zspec of COS-75355 from Onodera et al. (2012) and of COS-71929 from this work are shown as cyan
vertical lines. The grey circles in the lower right panel denote the photometric redshifts derived for the two resolved objects
that make up COS-207144 in Skelton et al. (2014).
7We used FAST to estimate stellar population proper-
ties. FAST produces best-fit parameters for stellar mass,
star formation rate, stellar age, characteristic timescale
(τ) of the assumed star formation history (i.e., delayed
exponentially declining star formation history), extinc-
tion (using the extinction curve detailed in Kriek & Con-
roy 2013) and metallicity. In this analysis we set an al-
lowed stellar age range of log (age [yr] ) = 8 − 10.1, an
allowed range of τ of log (τ [yr] ) = 7 − 10, and an al-
lowed extinction range of AV = 0− 5 mag. We used the
high-resolution version of the flexible stellar population
synthesis (FSPS) models from Conroy et al. (2009a,b)
with a Chabrier (2003) IMF.
In order to estimate errors on the stellar popula-
tion properties derived from FAST, we constructed a
Monte Carlo (MC) simulation external to FAST and
EAZY. The input photometry and spectra were per-
turbed according to a normal distribution described by
∼ N(fi, σi), where fi is the mean flux of the ith mea-
surement, and σi is the uncertainty of the i
th measure-
ment in the spectrum and photometry. At this juncture,
we implicitly assumed that each wavelength bin is un-
correlated from its neighbors; we do expect there to be
some degree of correlation between adjacent flux bins in
the spectra, but the impact of a bin-to-bin correlation
will be an overestimation of the MC-derived errors. We
therefore chose to assume that each bin is fully indepen-
dent of the state of nearby wavelength bins.
For those galaxies that have spectroscopic redshifts,
the FAST redshift was held fixed for all runs. For the
galaxies that do not have spectroscopic redshifts, we run
EAZY using the perturbed spectrum and photometry,
and run FAST with the perturbed data, holding the
redshift fixed to the best-fit redshift of the corresponding
EAZY output.
This method of estimation allows for the independent
derivation of errors on the stellar population properties
estimated by FAST and EAZY. For all galaxies, 500 sim-
ulations were run for both FAST and EAZY. A full de-
scription of the parameter correlations that result from
these simulations is given in Appendix A.
5. RESULTS
5.1. Spectroscopic Redshifts
There are spectroscopic redshifts for 2 galaxies in the
sample. First, COS-75355 has a literature zspec = 1.822
from Onodera et al. (2012). Secondly, the spectrum of
COS-71929 shows absorption features consistent with
CaII H & K, allowing us to measure a spectroscopic
redshift at zspec = 2.000± 0.006.
Onodera et al. (2012) finds a spectroscopic redshift for
COS-75355 using the CaII H & K absorption features,
in conjunction with Hβ in absorption. The spectrum
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Figure 4. CaII H & K absorption features in COS-71929.
The brown curve shows the best-fit EAZY SED to the galaxy
at z = 2.000. The red dashed lines show the placement of
the CaII H & K and Hδ features, as labeled, at z = 2.000.
The blue curve shows the fit to a triple Gaussian with the
standard deviations and redshifts constrained to be equal
for all features. The light blue shaded regions show areas in
which OH skylines were removed during data reduction.
in our sample does not have sufficient signal-to-noise to
detect most of the features used to identify the spectro-
scopic redshift – there is a possible detection of Na in
absorption at z = 1.822, but the detection is not secure.
The features used to determine a spectroscopic red-
shift for COS-71929 are shown in Figure 4, as labeled.
The best-fit EAZY model SED is overlaid in brown.
From this spectrum we constrained our spectroscopic
redshift for COS-71929 to be zspec = 2.0000 ± 0.0055,
which is within one sigma of the continuum redshift, as
detailed in the following section.
We simultaneously fit the CaII H & K and Hδ fea-
tures using a triple Gaussian with the observed velocity
dispersion and redshift constrained to be equal for all
features. The underlying continuum was approximated
as linear in this regime. From this treatment, we derived
a formal error for the spectroscopic redshift of ±0.0055.
We note that the spectroscopic redshift for COS-71929
is located at the secondary peak in the galaxy’s redshift
probability density function, with the bimodality of the
probability density function likely to be caused by a de-
generacy between the locations of CaII H and Hδ.
We additionally attempted to approximate a con-
straint on the stellar velocity dispersion of COS-71929
using the fit detailed above. The instrumental spec-
tral resolution is given to be 50 km s−1; we subtracted
this value in quadrature from the observed velocity dis-
persion to make an estimate of the stellar velocity dis-
persion. We estimated the uncertainty in the fit due
to measurement error by running a Monte Carlo sim-
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ulation to convergence in which the binned flux values
were perturbed according to a normal distribution with
a standard deviation equal to the measurement uncer-
tainty. This procedure gives a velocity dispersion of
549+106−262 km s
−1, where the quoted errors are the 2-sided
95% confidence bounds. However, we stress that our
measurement of the velocity dispersion is very crude.
The low SNR of the spectrum does not allow for a proper
analysis of the velocity dispersion, and our measurement
is subject to extremely high uncertainty, with a 1-sided
99% lower confidence bound of 217 km s−1.
5.2. Continuum Redshifts
For all of the galaxies in the sample (including those
that have spectroscopic redshifts), we estimated a con-
tinuum redshift with EAZY (zcont), in which both the
photometry and spectroscopy are used in the fit. Fig-
ure 5 shows the continuum redshifts, zcont, for the galax-
ies in our sample against their original photometric red-
shifts (zphot, derived from the UltraVISTA DR1 pho-
tometry only). The quoted errors in Figure 5 are the
68% confidence intervals from the EAZY redshift prob-
ability density function.
The continuum redshifts of both COS-75355 and COS-
71929 are in good agreement (< 1σ difference) with their
spectroscopic redshifts. The spectroscopic redshifts of
both galaxies are shown as horizontal lines in Figure 5.
Although the errorbars shown on the figure are taken
from the EAZY redshift probability density function
(PDF), the distribution of our EAZY Monte Carlo sim-
ulation are in good agreement with the output EAZY
PDF. The main peak of the EAZY redshift probability
density function is somewhat higher than the spectro-
scopic redshift for COS-71929 (see Figure 3), but there
is a secondary peak in the EAZY redshift PDF that is
consistent with our spectroscopic redshift. Furthermore,
the spectroscopic redshift is within 1σ of the continuum
redshift for the galaxy.
The formal errors on the continuum redshift are lower
than the original photometric redshift in all cases when
the spectrum is added to the fit, though COS-37207 is
the only galaxy whose continuum redshift is significantly
different than the original photometric redshift. Al-
though the original photometric redshift of COS-37207
lies outside of the continuum redshift 95% confidence
interval, the absolute difference between the continuum
and photometric redshifts is relatively small (∼ 0.16;
i.e., ∆z/(1 + z) ∼ 0.05).
As the photometric redshifts for both of the galaxies
that make up COS-207144 are available, it is informa-
tive to compare our results against the photometric red-
shifts available from (Skelton et al. 2014). Given that
we expect the majority of the light in the observed spec-
trum to originate from the brighter galaxy (which, in the
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Figure 5. Continuum EAZY redshifts (zcont) versus
photometry-only EAZY redshifts (zphot). Spectroscopic red-
shifts are shown for COS-75355 and COS-71929 in blue and
yellow horizontal lines, respectively. Quiescent galaxies are
marked as circles; the star-forming galaxy COS-37207 is
shown as a star. The black dashed line shows the 1:1 re-
lation.
NIR, is the galaxy at z = 2.02), it is unsurprising that
our continuum redshift is in better agreement with the
brighter of the two objects (< 1σ difference) than with
the fainter (< 2σ difference).
5.3. Stellar Population Properties
We used the procedure outlined in Section 4 to es-
timate the stellar population properties of the sample.
Table 3 shows the FAST output for the five galaxies,
along with their 1σ errors. The best-fit values that we
quote are the original FAST best-fit values, and not av-
erage values of the Monte Carlo distributions. Thus,
in some cases, the best-fit value lies on the edge of the
1σ interval. Re-defining our best-fit values by using an
average of the Monte Carlo distributions does not qual-
itatively change our results.
We confirm that all of the galaxies in our sample are
indeed ultra-massive. All galaxies in the sample have
a stellar mass exceeding log(M?/M) & 11.5. In the
case of COS-207144 (the blended object), stellar mass
estimates obtained here may be compared against those
obtained for the objects resolved in 3DHST by Skelton
et al. (2014). The best-fit stellar mass of the brighter
galaxy of the pair is in good agreement (within 68% con-
fidence interval) with that of COS-207144. The sum of
the best-fit stellar masses of the resolved objects is sig-
nificantly larger (log(M∗/M) = 11.62) than our best-
fit mass for COS-207144. This is likely a result of the
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Figure 6. Continuum FAST stellar mass estimates versus
photometry-only FAST stellar mass estimates. The black
dashed line shows the 1:1 relation. The pink shaded region
marks stellar masses where log(M?/M)> 11.5. As in Fig-
ure 5, quiescent galaxies are shown with circles and the star-
forming galaxy with a star.
brighter galaxy dominating the light of the spectrum –
the best-fit stellar mass of COS-207144 (log(M∗/M) =
11.46+0.00−0.26) is in strong agreement with the best-fit stel-
lar mass of this source as derived by Skelton et al. (2014)
of log(M∗/M) = 11.40.
Given that the original selection criteria from the Ul-
traVISTA DR1 catalog was based partially on stellar
mass, we plot the stellar mass FAST estimated from
photometry alone against the same quantity from the
photometry in conjunction with the spectroscopy in Fig-
ure 6. None of the updated best-fit stellar masses differ
significantly from the stellar mass derived from the pho-
tometry alone. In the case of COS-37207, the galaxy for
which the best-fit redshift changed the most significantly
when the spectrum was added to the fit (see Figure 3),
the formal error on the stellar mass increased when the
spectrum is added, with relatively little change to the
best-fit stellar mass.
As a probe of the evolutionary stage of the galaxies
in our sample, we computed the quenching factor qsf
(Kriek et al. 2009) , which is qsf = 1− b, where b is the
birthrate parameter (Kennicutt 1983; Scalo 1986). The
quenching factor is therefore
qsf = 1− SFRcurrent〈SFRpast〉 = 1 −
SFRcurrent
M?/age
, (1)
such that a fully quenched galaxy will have a quench-
ing factor of 1. With the exception of COS-37207, which
has a quenching factor of 0.276+0.529−0.276, all of the galax-
ies in our sample have quenching factors consistent with
qsf > 0.90.
COS-37207 is the only galaxy in the sample to show
high levels of star formation, with a best-fit SED star
formation rate (SFR) of 339+108−221M yr
−1. The error
bars quoted here correspond to the 68% confidence in-
terval. The 99% confidence interval bounds are [31,788]
M yr−1, the lower bound of which is greater than the
best-fit SFR for any of the other galaxies in the sam-
ple. We therefore conclude that this galaxy is securely
identified as star forming. In light of the fact that this
galaxy has a high estimated SFR, but is also character-
ized by a large dust extinction of AV = 1.7
+0.1
−0.4, it is of
interest to note that the spectrum of COS-37207 does
not show any secure emission lines. Using the best-fit
values of SFR and AV , we estimated the expected ob-
served flux for [OII], Hβ , and [OIII] using the relations
from Calzetti et al. (2000) and Price et al. (2014). From
these estimates, we conclude that neither Hβ nor [OII]
would be observable given the noise properties of the
spectrum. [OIII] may have been visible, but coincides
with a strong skyline at the best-fit redshift of z = 2.11.
It is therefore expected that strong emission lines are
absent from the spectrum of COS-37207.
Though COS-71929 also shows evidence of some star
formation (SFR = 8.7+0.4−6.9M yr
−1), a measurement of
the quenching factor of this galaxy indicates that the
SFR was significantly higher in the past (qsf ≈ 0.95).
Additionally, the estimated dust extinction for COS-
37207 is the highest in the sample, with AV = 1.70
+0.10
−0.40
mag. COS-71929 displays the second-highest level of
dust extinction at AV = 1.30
+0.10
−0.40 mag. We therefore
characterize COS-37207 as a dusty star-forming galaxy,
COS-71929 as a galaxy with mostly suppressed star-
formation intermediate between star-froming and quies-
cent galaxies, and the rest of the galaxies in our sample
as quiescent.
We plot our stellar mass and SFR estimates against
the mass-complete sample of galaxies at 1.7 < z < 2.7
from the UltraVISTA catalog in Figure 7, along with
the star-forming main sequences measured by Speagle
et al. (2014), Whitaker et al. (2014), and Tomczak et al.
(2016). For the UltraVISTA catalog, we preferentially
use UV+IR SFR measurements. In the abscence of
such a measurement (or a non-detection), we use the
SED SFR. The FAST-derived stellar masses and SFRs
for our sample place the three quiescent galaxies (COS-
75355, COS-207144, and COS-90676) on the high-mass
end of the quiescent population. COS-37207 lies along
the high-mass end of the star-forming main sequence,
making it the most massive star-forming galaxy in the
targeted redshift range. Finally, COS-71929, with a
SFR≈10 M yr−1 is seen to lie well below the main se-
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Figure 7. Stellar mass versus star formation rate for the
sample (colored points) and the mass-complete UltraVISTA
catalog in the range of 1.7 < z < 2.7. The average star-
forming main sequence from Whitaker et al. (2014) for the
redshift range in question is shown by the green dashed line.
The parameterization of the star-forming main sequence by
Tomczak et al. (2016) is shown for z = 2.15 by the blue
dashed line. The parameterization of the star-forming main
sequence as derived by Speagle et al. (2014) at t = 3.0 Gyr
is shown by the red dashed line. As expected, the four qui-
escent galaxies in the sample (filled circles) lie below the
star-forming main sequence, whereas COS-37207 (the dusty
star-forming galaxy, filled star) lies along the star-forming
main sequence.
quence of star-forming galaxies, indicating that the star
formation activity of COS-71929 is mostly quenched.
We note that this picture qualitatively holds if the SED-
modeling SFRs are replaced with the SFR from the com-
bination of ultra-violet (i.e., unobscured) and infrared
(dust reprocessed) estimates of the SFRs (see Section
5.5).
All of the galaxies in our sample have nominal best-
fit stellar ages greater than or equal to 1 Gyr. Here,
stellar ages are given as the age since the onset of star
formation. COS-207144 and COS-71929 have best-fit
ages comparable to the age the universe at their red-
shift, whereas COS-75355 and COS-90676 have best-fit
stellar ages a factor of 2-3 younger than the age of the
universe at their redshift. The star-forming galaxy COS-
37207 is 0.5 dex younger that the age of the universe at
z=2.1. We note however that the stellar age is typically
one of the most uncertain stellar population properties
(Muzzin et al. 2009).
Given the analysis presented in Appendix A and sum-
marized in Section 5.4 the metallicity is not constrained
due to degeneracies in the fitted stellar population syn-
thesis parameters.
5.4. SPS Parameter Degeneracies
Because much of this analysis is based upon conclu-
sions reached through the use of SPS modeling, it is
imperative to examine the degeneracies between the de-
rived parameters of our SPS models.
In Appendix A, we plot the correlations between
EAZY estimates of redshift, FAST estimates of stellar
mass, SFR, dust attenuation, and population age for the
Monte Carlo simulations of both the photometry only
and the photometry + spectrum. We use a Gaussian
kernel density estimate in order to visualize the distri-
bution of the output parameters.
As expected, the FAST estimates increase in preci-
sion the most when a spectroscopic redshift is present.
Though COS-37207 does not have a spectroscopic red-
shift, its best-fit redshift shifted signficantly with the
addition of the spectrum (see Figure 3); the error on
the FAST parameter estimates decreased slightly with
the addition of the spectrum, but the best-fit FAST pa-
rameter estimates remain relatively unchanged.
As the only vigorously star-forming galaxy in the sam-
ple, it is of interest to note that there exists a strong
correlation between dust attenuation and SFR in the
Monte Carlo distribution of COS-37207. This correla-
tion is not found in any of the other galaxies’ best-fit pa-
rameter distributions. This finding does not change the
classification of COS-37207 as dusty and star-forming,
i.e., even at the lowest dust attenuation and SFR pro-
duced by the simulation, COS-37207 would be classified
as dusty and star-forming. However, it reaffirms that
low-resolution spectra are not sufficient to break the de-
generacy between SFR and dust attenuation (Fo¨rster
Schreiber et al. 2004; Muzzin et al. 2009).
As expected from other similar studies (e.g., Worthey
1994; Muzzin et al. 2009; Lo´pez Ferna´ndez et al. 2016),
we find several other correlations between derived stellar
population properties. Stellar population age, dust at-
tenuation, and metallicity all redden the overall galaxy
SED, and in the absence of prior knowledge that can
break degeneracies (Conroy & van Dokkum 2012), it
is expected that there will be anti-correlations between
these parameters as derived from SED modeling. For
all of galaxies in our sample, we see the expected nega-
tive correlation between stellar population age and dust
attenuation to some degree. The age-extinction corre-
lation is especially prominent in COS-207144 and COS-
75355. This is likely because the addition of the spec-
trum (and spectroscopic redshift, in the case of COS-
75355) eliminated several competing parameter sets that
produced discrete populations within the Monte Carlo
distribution, as can be seen in the third panel of the left
column of Figure 11.
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Table 3. FAST Best-fit Parameters
id 207144 37207 71929 75355 90676
AV (mag) 0.00
+1.10
−0.00 1.70
+0.10
−0.40 1.30
+0.10
−0.40 0.30
+0.10
−0.10 0.50
+0.30
−0.50
log (Age [yr]) 9.50+0.00−0.60 9.00
+0.40
−0.00 9.50
+0.00
−0.10 9.00
+0.10
−0.10 9.10
+0.20
−0.40
log (M?/M) 11.46+0.00−0.26 11.67
+0.12
−0.01 11.87
+0.00
−0.12 11.53
+0.05
−0.02 11.64
+0.06
−0.16
log (SFR [M yr−1]) −0.18+0.28−1.82 2.53+0.12−0.46 0.94+0.02−0.67 −5.41+5.80−5.80 −0.54+1.12−1.46
log (sSFR [yr−1]) −11.64+0.37−87.36 −9.14+0.10−0.55 −10.93+0.09−0.60 −16.93+5.750.00 −12.18+1.10−86.82
log (τ [yr]) 8.50+−0.13−1.50 8.50
+0.50
0.00 8.60
+0.00
−0.10 7.60
+0.40
0.00 8.00
+0.00
−1.00
Z 0.03+0.00−0.02 0.01
+0.00
−0.01 0.00
+0.00
0.00 0.01
+0.02
0.00 0.00
+0.03
−0.00
zpeak or zspec 1.89
+0.08
−0.06 2.11
+0.01
−0.04 2.0000
+0.0055
−0.0055 1.8220
+0.0006
−0.0006 2.61
+0.05
−0.08
qsf 0.993± 0.005 0.276+0.529−0.276 0.963± 0.028 1.0+0.0−0.008 0.999+0.001−0.008
5.5. M? and SFR: Comparison with Independent
Estimates
In order to assess the accuracy of our previously-
derived stellar population properties, we compared our
results to quiescent/star-forming classifications using
the rest-frame U-V versus V-J color-color diagram (here-
after UVJ diagram; following, e.g. Whitaker et al. 2011;
Muzzin et al. 2013b; Marchesini et al. 2014; Whitaker
et al. 2015; Martis et al. 2016), and SFRs derived from
the UV and infrared (IR), as provided by Muzzin et al.
(2013a).
Figure 8 shows the targeted sample in the UVJ di-
agram using their original photometric redshifts from
Muzzin et al. (2013a). Also plotted is the overall galaxy
population in a stellar mass complete sample at the same
redshift range as obtained using the UltraVISTA DR1
catalog of Muzzin et al. (2013a). Figure 8 shows that the
location of the targeted galaxies in the UVJ diagram is
consistent with the characterization of their stellar pop-
ulation properties as derived from FAST. In particular,
we note that COS-37207 is in the region of the UVJ di-
agram typically populated by dusty star-forming galax-
ies (e.g., Martis et al. 2016), while COS-71929 is in an
intermediate zone between the dusty star-forming and
quiescent galaxies.
We checked the SED star formation rates for our sam-
ple against star formation rates derived using LIR +
LUV measurements based on the UltraVISTA catalog.
We determine the rest-frame UV flux following Muzzin
et al. (2013a), estimating L2800 by integrating the best-
fit template generated by EAZY (Brammer et al. 2008)
from 2600–2950 A˚.
Infrared luminosity (LIR) was estimated using the
24 µm emission alone; we caution that this approach
can produce individual measurements of LIR which are
uncertain up to several factors. A full explanation of the
method to determine LIR for the sample at hand can be
found in Wuyts et al. (2008); briefly, LIR is computed for
the Dale & Helou (2002) infrared SEDs of star-forming
galaxies at several heating levels of the interstellar en-
vironment. The best estimate of LIR is then taken to
be the log-average of the set of LIR estimates for the
template across the range of heating levels sampled.
We calculate IR+UV SFRs following Kennicutt
(1998) using the calibration of Whitaker et al. (2014),
i.e. SFRIR+UV = 1.09 × 10−10(LIR + 2.2LUV)L. Bell
et al. (2005) presents a near-identical calibration of
SFRIR+UV, which would yield the identical values of
SFRIR+UV, within errors. The upper limits in the
IR+UV star formation rates indicate sources for which
the MIPS 24µm flux has a signal-to-noise ratio S/N < 3,
and the 3σ upper limit is adopted to estimate LIR.
As shown in Figure 9, for four out of the five galax-
ies in our sample, the SFR estimated from the SED
and IR+UV are consistent with each other. Given that
this includes three upper limits, however, this statement
demonstrates only that the SED SFR estimates are not
significantly higher than expected. COS-207144 is the
only galaxy in our sample with a SFR derived from
UV+IR much larger than the SFR from SED model-
ing. This result may be due to a difference in the UV
and IR properties of the two galaxies which make up the
source.
6. DISCUSSION AND CONCLUSIONS
In this work, we have presented NIR spectra of 5 ultra-
massive galaxies in the redshift range of 1.7 < z < 2.7.
We determined a spectroscopic redshift for one of these
galaxies based upon the presence of the CaII H & K ab-
sorption features in its spectrum, and estimated contin-
uum redshifts for the remaining galaxies in our sample
using information from both broad- and medium-band
UV-to-8 µm photometry and the aforementioned spec-
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Figure 8. The UVJ diagram for the full UltraVISTA DR1
(grayscale) and the present sample (colored points, as la-
belled). The black dashed lines separate quiescent galaxies
(top left) from star-forming (right). Given the position of
COS-37207 in the UVJ diagram, this galaxy is characterized
as dusty star-forming, in agreement with the results of the
SED modeling. The boundaries shown follow those presented
in Whitaker et al. (2015) and Martis et al. (2016)
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Figure 9. Comparison between the SFR estimated from
SED modeling and the SFR from the combination of UV
and IR measurements. Upper limits are given for the UV+IR
SFR when there is a non-detection in the MIPS 24µm catalog
photometry. With the exception of COS-207144, the galax-
ies in the sample at hand have SFRSED estimates that are
consistent with the measurement of SFRUV+IR from Muzzin
et al. (2013a). The black dashed line shows the 1:1 relation.
tra. The stellar population parameters of the galaxies
were also estimated, confirming the ultra-massive status
of these galaxies.
Out of the five galaxies, only one – COS-37207 – is
found to be star-forming, with SFR ≈ 340 M yr−1.
This galaxy is also found to have the highest level of
dust attenuation, with AV ≈ 1.70 mag. A second galaxy,
COS-71929, possesses properties that are intermediate
with respect to the quiescent and star-forming popula-
tions at this redshift. The galaxy shows residual star
formation activity, i.e., SFR≈9 M yr−1 and elevated
dust obscuration, i.e., AV ≈1.3 mag, and sits well be-
low the main sequence of star forming galaxies at the
redshift range of interest. The remaining galaxies in
the sample are classified as quiescent with substantially
less dust extinction by both SED modeling and UVJ
diagram classification. This finding is in agreement
with refined evolutionary path for the formation of local
ultra-massive galaxies recently presented by Marchesini
et al. (2014). Though the progenitors of todays ultra-
massive galaxies (i.e., log (M?/M) 11.8 at z ∼ 0) were
massive, highly obscured, dusty star-forming galaxies at
2.5 < z < 3, we expect the sample at hand to quench at
earlier times on average, as the galaxies in the present
sample have significantly higher stellar masses than the
majority of the galaxies from Marchesini et al. (2014).
Though the present sample is too small to estimate
population characteristics, if we consider COS-37207 to
be the only star-forming galaxy (grouping COS-71929,
given its suppressed star formation, with the quiescent
galaxies in the sample) we obtain a quiescent fraction of
0.80 for such galaxies (11.45 < log (M?/M) < 11.9) at
1.7 < z < 2.7.
There is not significant evidence that this quiescent
fraction is systematically larger than the fraction of
∼ 0.40 estimated by Marchesini et al. (2014) for the
population of the progenitors of today’s ultra-massive
galaxies at 1.5 < z < 2.5. Marchesini et al. (2014)
found a quiescent fraction of ≈ 0.40 for their sample at
1.5 < z < 2.5, which covered a range of stellar masses of
11.2 . log (M?/M) . 11.5. Similarly, one out of the
three galaxies with stellar masses log (M?/M) & 11.4
in Belli et al. (2014) was found to be star-forming at
2. < z < 2.5, and Muzzin et al. (2013b) estimates that
the quiescent fraction should meet or exceed 0.50 at
log (M?/M) ≈ 11.3 for the redshift range considered
in this work.
Assuming a true quiescent fraction of 0.40, there is a
significant (≈ 8%) chance that a sample of five galaxies
will contain at least four quiescent galaxies if the sample
were drawn without bias for the same distribution. How-
ever, given previous evidence that more massive galaxies
enter quiescence at earlier times relative to lower mass
galaxies (see, e.g., Brammer et al. 2011; Muzzin et al.
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2013b), we find that our data are consistent with these
claims. However, in order to probe the true mass depen-
dence of the quiescent fraction at a given redshift of such
ultra-massive galaxies a larger sample is needed in order
to properly marginalize over confounding variables, and
to suppress the uncertainty due to low number statistics.
In order to better characterize the population of ultra-
massive galaxies in the early universe, we must increase
the number of identified ultra-massive galaxies and con-
struct a larger number of well-sampled SEDs from which
to derive stellar population property estimates and pho-
tometric redshifts. The fact that the inclusion of our
NIR spectra, in the abscence of a spectroscopic redshift,
do not greatly affect the stellar masses and redshifts of
the galaxies in our sample implies that such galaxies
may be reliably identified using photometry alone, in
agreement with Muzzin et al. (2009). The NEWFIRM
Medium-Band Survey II (NMBS-II) will identify these
ultra-massive galaxies across 5.2 deg2 of the sky (the Ul-
traVISTA DR1 catalog, upon which this work is based,
spans 1.62 square degrees), and will provide medium-
band photometry to produce well-sampled SEDs. More-
over, the VISTA VIDEO survey (Jarvis et al. 2013) in-
cludes oft-visited areas of the sky and covers nearly 12
deg2, giving it both the wavelength range and spatial
coverage to robustly identify many new ultra-massive
galaxies.
Deeper spectroscopy will also greatly aid the study of
this sample – the galaxies at hand are bright enough that
deep spectroscopy is feasible from the ground, given an
8-10m class telescope. Though our detection of absorp-
tion features in COS-71929 was not high enough S/N to
perform a detailed measurement of the velocity disper-
sion, preliminary estimates indicate a substantial veloc-
ity dispersion. Such measurements would also be greatly
helpful in constraining the systematics of SED modeling
by providing independent measurements of output pa-
rameters.
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A. MONTE CARLO PARAMETER
CORRELATIONS
Here we present the results of the Monte Carlo simula-
tions run to constrain the error on our stellar population
property estimates. For each run, fluxes for both the
spectroscopy and photometry are drawn from a normal
distribution characterized by the error on the original
measurement. Each instance is run with a fixed redshift
drawn according to the best-fit EAZY redshift PDF, as
shown in Figure 3.
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Figure 10. Distributions of Monte Carlo best-fits FAST estimates for COS-71929 of redshift, stellar population age, dust
attenuation, stellar mass, and star formation rate. Monte Carlo distributions are shown for the case when FAST is run with
UltraVISTA catalog photometry only (blue) and with the spectrum in conjunction with the photometry (orange). Dotted
contours show the 68% confidence (dashed inner, darker curve) and 95% confidence (dashed outer, lighter curve) contours. The
blue and orange points represent the best-fit FAST estimate from the original (unperturbed) spectrum for the photometry-only
and photometry + spectrum fit, respectively.
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Figure 11. Same as Figure 10 for COS-75355.
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Figure 12. Same as Figure 10 for COS-37207.
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Figure 13. Same as Figure 10 for COS-207144.
19
2.5 2.6 2.7 2.8 2.9
z
8.50
8.75
9.00
9.25
lo
g
(A
ge
[y
r]
)
2.5 2.6 2.7 2.8 2.9
z
0.0
0.4
0.8
1.2
1.6
2.0
A
V
 (
m
ag
)
2.5 2.6 2.7 2.8 2.9
z
10.4
10.8
11.2
11.6
lo
g
(M
/
M
¯
)
2.5 2.6 2.7 2.8 2.9
z
2
1
0
1
lo
g
(S
F
R
 [
M
¯
/
yr
)]
)
8.50 8.75 9.00 9.25
log(Age[yr])
0.0
0.4
0.8
1.2
1.6
2.0
A
V
 (
m
ag
)
8.50 8.75 9.00 9.25
log(Age[yr])
10.4
10.8
11.2
11.6
lo
g(
M
/M
¯
)
8.50 8.75 9.00 9.25
log(Age[yr])
2
1
0
1
lo
g(
S
F
R
 [
M
¯
/y
r)
])
0.0 0.4 0.8 1.2 1.6 2.0
AV (mag)
10.4
10.8
11.2
11.6
lo
g(
M
/M
¯
)
0.0 0.4 0.8 1.2 1.6 2.0
AV (mag)
2
1
0
1
lo
g(
S
F
R
 [
M
¯
/y
r)
])
10.4 10.8 11.2 11.6
log(M /M ¯ )
2
1
0
1
lo
g(
S
F
R
 [
M
¯
/y
r)
])
Figure 14. Same as Figure 10 for COS-90676.
